Magnetic resonance imaging (MRI) plays an everexpanding role in the evaluation of multiple sclerosis (MS). This includes its sensitivity for the diagnosis of the disease and its role in identifying patients at high risk for conversion to MS after a first presentation with selected clinically isolated syndromes. In addition, MRI is a key tool in providing primary therapeutic outcome measures for phase I/II trials and secondary outcome measures in phase III trials. The utility of MRI stems from its sensitivity to longitudinal changes including those in overt lesions and, with advanced MRI techniques, in areas affected by diffuse occult disease (the so-called normalappearing brain tissue). However, all current MRI methodology suffers from limited specificity for the underlying histopathology. Conventional MRI techniques, including lesion detection and measurement of atrophy from T1-or T2-weighted images, have been the mainstay for monitoring disease activity in clinical trials, in which the use of gadolinium with T1-weighted images adds additional sensitivity and specificity for areas of acute inflammation. Advanced imaging methods including magnetization transfer, fluid attenuated inversion recovery, diffusion, magnetic resonance spectroscopy, functional MRI, and nuclear imaging techniques have added to our understanding of the pathogenesis of MS and may provide methods to monitor therapies more sensitively in the future. However, these advanced methods are limited by their cost, availability, complexity, and lack of validation. In this article, we review the role of conventional and advanced imaging techniques with an emphasis on neurotherapeutics.
INTRODUCTION
Since introduced into clinical medicine, magnetic resonance imaging (MRI) has played expanding roles in the evaluation of multiple sclerosis (MS). These include its essential place in the initial evaluation of patients suspected of having the disease to secure and sometimes reject the diagnosis of MS, 1,2 as a prognostic tool at first presentation of symptoms highly suspicious of acute inflammatory CNS demyelination, 3 in providing primary outcome measures in phase I/II trials, and as a source of critical supportive outcome measures in phase III trials of MS therapeutics. The utility of MRI in MS in large measure stems from its extreme sensitivity to changes in regional proton relaxation times that occur with processes that alter tissue water content and constraints on hydrogen molecule motion, particularly those associated with tissue bound and free water molecules. However, all current MRI methodology remains insensitive to the underlying disease processes that give rise to these alterations. Consequently, the specificity of altered MRI signals is limited, and overinterpretation of MRI to imply specific histopathologic tissue alterations abounds. Most patterns and distributions of lesions found on conventional and even advanced MRI are neither disease-specific nor reflect a specific histopathology. As a result, a broad differential diagnosis usually remains when MRI is viewed in isolation from the clinical history, physical and neurologic findings and laboratory investigations. Nevertheless, understanding the sequence of events that correlate with conventional MRI-visible lesion formation, and the most characteristic topography of lesions in the cerebrum, brainstem, and spinal cord help to determine the likelihood that a patient has MS and provide reasonable markers by which to infer therapeutic effects on the evolving underlying disease process.
Current conventional MRI consists of several series of image acquisitions based on generally available pulse sequences developed to provide optimal tissue contrast for routine clinical diagnostic work. In general, these have also been the mainstay for addressing disease activity in clinical trials. A standardized approach to imaging MS patients developed by the Consortium of MS Centers (http:// www.mscare.org/pdf/MRIProtocol2003.pdf) includes sagittal fluid attenuated inversion recovery (FLAIR), axial dual echo proton density and T2 weighted (TE1 usually Ͻ30 ms and TE2 Ͼ 80 ms), axial FLAIR and an axial gadolinium chelate (Gd) enhanced T1-weighted image series. The post Gd T1 series is especially important in suspected MS if suspicious lesions are seen on T2-weighted or FLAIR images. Advanced MRI including quantification of magnetization transfer ratio (MTR), dual inversion recovery imaging, diffusion tensor imaging, single voxel, two-dimensional (2D) and three-dimensional (3D) chemical shift imaging, and unlocalized spectroscopy signal from whole brain magnetic resonance spectroscopy (MRS), among other methods have enriched our understanding of conventional MRI and have added insight into our understanding of the pathogenesis of MS. 4 However, these more advanced methods are not generally available, nor necessary for diagnosis and follow-up evaluations, although they may provide additional outcomes through which to determine drug efficacy.
In this article, we will review individual MRI-defined changes detected by a broad variety of conventional and advanced imaging approaches. We will emphasize their specific utility in understanding the pathogenesis of the disease and serving as biomarkers for evaluating treatment effects, including therapeutic effects on tissue preservation or repair within the otherwise relatively inaccessible CNS. To lay the groundwork for this review, it is important to first understand individual lesion development and maturation as currently viewed using conventional and advanced imaging.
LESION EVOLUTION
On conventional MRI, new lesions arising in previously normal appearing white matter (NAWM) are nearly always announced by a nodular area of Gd-enhancement on T1-weighted images (FIG. 1 ) 5 This is nearly invariably associated with a hyperintense lesion in the same location on T2-weighted images (FIG. 1) . 6 Nearly 65% of the larger enhancements correspond to hypointense lesions visualized on noncontrast T1-weighted images 7 (FIG. 2) . Most enhancements fade and disappear over 4-6 weeks, and 50% of the hypointensities spontaneously resolve within 4 weeks. A similar proportion of those found at 1 month disappear over the next 4 -5 months 8 Return to the T1-isointense state or mild T1 hypointensity may indicate extensive or partial remyelination. 9 The extent of the new T2-hyperintense lesion usually contracts and its intensity is reduced as edema resolves and some tissue repair occurs. However, most lesions, once evident on T2-weighted images rarely disappear unless they are located in the brainstem or spinal cord. Potentially more aggressive lesions show ring-like propagation of the enhancement over a few weeks or longer before the enhancement begins to fade, are associated with more complex appearances on T2-weighted images, a central spherical hypointensity on T1-weighted images, and persistence over time (FIG. 3 ). An incomplete ring of enhancement ("open ring sign"), open where the lesion abuts gray matter, is characteristic of MS (FIG. 2) . 10 A complete ring may also be seen, particularly when the lesions are confined to the white matter (FIG. 3) . Careful inspection of the areas surrounding some of the larger T1-hypointense lesion that contract over time shows this apparent repair to be at the expense of surrounding tissue loss. As the center of such lesions likely undergoes gliosis and contraction there is regional ventricular enlargement and cortical volume loss directed toward the lesion. Although the evolution of T1-hypointense lesions is intimately associated with enhancements, the relationship must be more complex. Enhancement frequency is age dependent, being less frequent among older (rather than younger) MS patients of all disease subtypes. 11, 12 Yet, hypointense lesions are more common with longer disease duration and among the progressive disease subtypes. The divergent behavior of these seemingly inter-related MRI metrics might suggest that whereas some hypointense lesions result directly from new inflammatory events that are readily monitored by enhancements on MRI, other hypointense lesions may evolve differently.
Lesion evolution is more complex when monitored with advanced imaging. Newly enhanced lesions that form within previously conventional MRI-defined NAWM provide informative regions for retrospective scrutiny for change that antedates lesion evolution on conventional MRI. Retrospective analyses suggest that regional abnormalities in MTR develop in NAWM months before the enhancement is seen by conventional MRI. 13, 14 Unfortunately, these changes have not been robust enough to use prospectively. Focal increases in choline and the appearance of signals on MR spectroscopic imaging (MRSI) consistent with alterations in lipids or other myelin associated macromolecules also precede lesion formation by several months, 15, 16 to suggest that focal disruptions of tissue integrity anticipate enhancements. It remains unclear whether these changes reflect some primary intrinsic tissue process that eventually signals a secondary influx of inflammatory cells, or whether they reflect microscopic inflammatory change beyond the resolution of conventional imaging that must first build before a cascading inflammatory response is evident. In either case, with enhancement there is a dramatic fall in regional MTR, drop in N-acetylaspartate (NAA), increase in choline, the appearance of signals from myelin breakdown products, and increases of myoinositol, glutamate ϩ glutamine (Glx) and lactate. 17 The biochemical changes are highly dynamic and the concentrations of various metabolites and MTR tend to recover toward their normal values with time. Some of the observed acute changes are in part explained by dilutional effects of acute vasogenic edema. 18 MTR values do not fully normalize, but a return toward normal is accompanied by partial or complete resolution of associated T1-hypointense lesions. Mildly T1-hypointense lesions that remain with intermediate MTR values correlate with histopathologic evidence of at least partial remyelination. 9 Persistent T1-hypointense lesions show diminished NAA indicative of irreversible axonal loss 19 ; they may also show increased myo-inositol, possibly indicative of gliosis. Enhanced lesions generally have increased diffusion, decreased FA, and altered diffusion tensor values, and these alterations persist to a variable extent in those lesions that have the most severely altered tissue matrix. 20 The specialized anatomy of the brain results in alterations at a distance related to disruption along connected pathways that traverse focal lesions, and Wallerian degeneration along highly organized pathways may be reflected in altered diffusion tensor eigen values. 21 These distributed effects may help to explain some of the quantitative change that is rather consistently found in conventional MRI-defined NAWM.
MRSI defines dynamic metabolite changes compatible with alterations in mobile lipids in cortical gray matter. 22 These observations are consistent with the known occurrence of cortical plaques. 23 However, intracortical and subpial lesions have yet to be adequately resolved by conventional MRI at up to 3 Tesla, or with other available advanced methods. Recently, postmortem MRI at 8 Tesla has identified some purely intracortical lesions (K. Rammohan, personal communication).
With this overview of lesion development and evolution as defined by MRI, we can turn to a consideration of the various conventional and advanced imaging approaches applied to MS, with particular attention to their current use or potential use in the assessment of MS disease modifying therapeutics.
Hyperintense lesions on T2-weighted images
Technical aspects. The intensity of tissue signals is influenced by proton density and the rate at which nuclear MR signals decay in the static magnetic field of the scanner following application of a radio-frequency excitation pulse as characterized by T1 (longitudinal relaxation time) and T2 (transverse relaxation time). These three parameters (proton density, T1, and T2 relaxation
FIG. 2. Evolution of T1 hypointensities ("black holes").
A 48-year-old woman with RR MS received serial MRI during the pretreatment screening period of a clinical trial. Noncontrast (upper row) and post-contrast (lower row) images are shown. Scans were obtained at baseline, 1 month, and 2 months later. Note the ring-enhancing lesion appearing at baseline that has corresponding T1 hypointensity (solid arrow). The ring enhancement has an incomplete or open ring that is typical of MS. 10 The T1 hypointensity resolves 2 months later. A second T1 hypointensity develops over 2 months (broken arrow).
FIG. 3.
T1-weighted post contrast (left) and CSE T2-weighted (right) images of a 48-year-old woman with RR MS show a ring enhancing lesion and corresponding complex appearance on the T2 image. times) determine the MRI appearance; their relative influences are affected by scanning parameter changes. Proton density and T2-weighted images are generated with long repetition time (TR). At relatively short echo time (TE), the image appearance is mainly determined by proton density, whereas at relatively long TE, the T2 effect is increased. FLAIR uses an inversion pulse followed by a variable signal recovery time to maximize the contrast between tissues with different T1 values. Most clinically used FLAIR inversion pulses are designed to null the signal from CSF at a long TE to provide a high degree of T2 weighting to increase lesion conspicuity, particularly for those lesions that abut CSF pathways.
Neuropathology. The lesions of MS show considerable histopathologic heterogeneity, in part related to evolution of individual lesions over time and (possibly) to fundamental differences in patient-specific pathogenesis of lesions. 24 However, with the possible exception of large ring-enhanced lesions, lesion appearance and patterns seen by conventional MRI have thus far failed to consistently distinguish among these histopathologic subtypes. The extent of MRI-defined T2 hyperintense lesions seen on postmortem imaging clearly can approximate the extent of lesions found on direct histopathologic tissue examination. 25, 26 Postmortem MRI allows for the detection of regions of microscopic inflammation or active demyelination otherwise missed by visual inspection of the tissue. 27, 28 Moreover, there are considerable MRI-defined lesion abnormalities that exceed the sensitivity of histopathologically defined plaque burden. 29 These discrepancies are readily explained by the basis of the signal generated by T2-weighted image as described above, which is highly sensitive to the tissue mobility of protons, but influenced to a lesser extent by the underlying processes that give rise to altered tissue water content and proton mobility. Thus, hyperintensities on T2-weighted images in patients with MS are nonspecific for the relative degree of underlying inflammation, edema, demyelination, axonal damage, Wallerian degeneration, and gliosis.
Clinical correlation. Both cross-sectional and shortterm longitudinal correlations between T2-hyperintense disease burden (T2 BOD) and clinical impairment are generally poor. 30 -32 The possible reasons for this are numerous and readily attributed to the lack of pathologic specificity for the extent of tissue destruction and the well known limitations of existent clinical rating systems, including the benchmark Expanded Disability Status Scale (EDSS). 32 One of the main reasons for the lack of correlation is that MRI often shows hemispheric involvement in areas that are clinically silent. However, the biologic burden of the disease is probably reflected better by the MRI findings. Despite these limitations, more focused attention may provide some hope that better correlations may be possible if restricted over appropriate phases of the disease. T2 BOD is quite variable among patients when evaluated at the earliest clinically recognized stage of the disease, with a clinically isolated demyelinating syndrome (CIS) highly suggestive of the type seen in relapsing-remitting (RR) MS patients. Even so, it is at this stage that differences in T2 BOD have strong predictive value for distinguishing the subsequent short-term clinical course. The best available data suggest that about a third of patients presenting with CIS will have negative cerebral MRI and about 40% will have fewer than two lesions. In the Early Treatment of Multiple Sclerosis (ETOMS) study of CIS, 33 independent of treatment, conversion to clinical definite MS (CDMS) occurred in 41% of patients with at least one Gd-enhancing lesion or 9 T2-hyperintense lesions, versus 11% of those without either. The best data on follow-up at 5 or more years after presentation come from subjects gathered nearly two decades ago. 34 A number of reports have concentrated on similar patients followed for shorter intervals. CIS patients with normal cerebral MRI at presentation have only a 5% risk of another clinical attack (progressing to CDMS) in the next 1-5 years; those with cerebral lesions have a considerably higher risk. The risk remains below 50% until the cerebral T2 BOD exceeds 1.2 ml; corresponding to about six lesions each of about 5 mm in diameter at 5-mm slice thickness. 35 The risk of progression to CDMS within 10 years with a negative MRI at presentation remained low at 11%, but 2 or more lesions conferred nearly a 90% risk of conversion. 36 Of those with an abnormal MRI scan, 31% developed disability equivalent to an EDSS score of at least 6.0 within 14 years, and the EDSS score at 14 years correlated moderately with the increase in lesion volume in the initial first 5 years (r ϭ 0.61).
International panel MRI criteria for dissemination in time require one or more new Gd-enhanced lesions at least 3 months after the initial clinical event or a new T2-hyperintense lesion identified at least 3 months after a baseline set of images obtained after the presenting clinical event had stabilized or resolved. 1 Admittedly, these time intervals are somewhat arbitrary. They were originally developed because most new Gd-enhanced lesions will no longer enhance after 6 -8 weeks, and that new lesions continue to appear for some days to weeks in association with a single clinical attack. 37 Subsequent data have generally supported the utility of follow-up MRI at 3 months to refine the predictive value of early MRI for conversion to CDMS. 38, 39 Two clinical trials of different preparations of interferon ␤ (IFNB)-1a indirectly address the sensitivity of the international panel MRI criteria for dissemination in space in the early diagnosis of MS. The Controlled High Risk Avonex Multiple Sclerosis trial studied patients with monosymptomatic CIS. 40 Entry criteria were restricted to subjects with at least two clinically silent cerebral lesions of Ն3 mm diameter on a screening MRI scan, one of which needed to be periventricular or ovoid. Only 1-3% of all subjects met the minimum number of T2-hyperintense lesions, and 70% of all patients had Ն9 lesions at baseline. 41 It is not known what proportion of these subjects would have met the international panel MRI criteria for dissemination in space, but this likely exceeded 70% of the entire cohort. Within 6 months of follow up, about half of those patients without a second clinical attack met international panel MRI criteria for dissemination in time for MS, and two-thirds of those without an attack by 18 months fulfilled the panel criteria for MS, regardless of treatment assignment. The ETOMS study enrolled patients with either monosymptomatic or polysymptomatic CIS. 33 They required patients to have at least four cerebral lesions at entry (three sufficed if at least one was infratentorial or Gd-enhanced). Only 11% of these subjects were free of MRI activity on biannual scans over 2 years, regardless of treatment assignment. Thus, regardless of whether treatment is initiated at clinical presentation in subjects with CIS who have at least two to three cerebral lesions, imaging to define dissemination in time by international panel guidelines will more rapidly establish a firm diagnosis of MS than will clinical criteria. Whether some MRI patterns in isolation are adequate for a diagnosis of MS at or before first clinical presentation remains unclear. Similarly, the optimal timing and cost effective number of serial MRI scans needed to define dissemination in time for patients with CIS are not established.
Role in therapeutic monitoring. Historically, T2 BOD was first used as potential supportive outcome in major clinical trials of cyclosporine versus azathioprine in Europe, and versus placebo in North America. [42] [43] [44] [45] Both studies failed to show clinical benefit, and both documented progression of MRI-monitored pathology that was unaffected by treatment. Several years later, the first study used attenuated change in T2 BOD on active treatment with IFNB-1b compared with placebo to supplement the clinical endpoint and support drug approval by the FDA. 46 In that study, subjective but blinded assessment of MRI-defined disease showed that the number of scans deemed active by the appearance of new T2-hyperintense lesions was significantly reduced by active therapy. Moreover, a quantitative measure of the area of T2-hyperintense lesions was also reduced 23% by treatment compared with placebo.
The T2-based measures that have evolved to monitor treatment are both qualitative and quantitative. An active scan designates that one or more new T2-hyperintense lesions have appeared as compared with the prior scan, and/or previously noted lesions have enlarged (i.e., enlarged by ϳ20% in lesional area in a single slice). The number of new and/or enlarging T2-hyperintense lesions can also be enumerated. These measures are based on subjective assessment of serially obtained images and generally require that the images are obtained and displayed in standardized manner. Each image analysis center usually develops its own set of standards on how to interpret the suitability of the images for analysis, and for defining a new or enlarging lesion. Estimating the T2 BOD has been performed by manual tracing of lesion boundaries, semiautomated thresholding techniques like seed growing and contouring (FIG. 4) , and more fully automated image analysis based on a number of approaches. The constraints imposed by the techniques on image acquisition and variations in reproducibility vary
FIG. 4.
A quantitative computer-assisted semiautomated method 170 of determining total brain T2 hyperintense lesion load illustrated in a patient with MS. Upper panel: raw FLAIR images; middle panel: after masking and nulling of skull, other extracranial tissue, and CSF flow artifacts; lower panel: after thresholding, the images are segmented into lesion versus nonlesion tissue; the area and volume of total brain lesions is determined based on the number of voxels retained.
with the methods and among imaging analysis centers. Nonetheless, these estimates show sensitivity to change over time and for detecting treatment effects. [47] [48] [49] [50] [51] As seen in Table 1 , the longitudinal changes on various measures of T2-hyperintense lesions in placebo-assigned subjects have varied among studies. Some of these differences can be attributed to patient characteristics with activity levels over a given time interval seemingly higher in the earlier stages of the disease than in cohorts selected for secondary progressive (SP) disease at entry, by enrichment for subjects with active MRI scans at entry into short-term trials, and by improvements in imaging protocols over time. In all instances listed in Table 1 , positive effects of treatment on clinical endpoints were accompanied by statistically significant effects on T2-hyperintense lesions. Most of these studies chose sample sizes not based on estimates of the MRI effect size, but rather on anticipated effects of the drug on the selected clinical outcome variable.
Molyneux and colleagues 52 used data aggregated on 128 subjects with RR or SP MS from natural history data or placebo arms of several studies. The database only provided actual observations for 12 months of follow-up, but sample size estimates were constructed for studies of up to 3 years' duration on the assumption that increase in T2 BOD would remain linear over time. As illustrated in Table 1 , this assumption does not hold for actual trial cohorts. Nevertheless, they projected that if a drug were completely effective in containing further increase in T2 BOD from trial entry, 60 RR MS subjects per arm would be needed for a 1-year study and only 12 RRMS subjects per arm would be needed for 3 years to have 80% power for a treatment effect. Numbers of subjects needed to show a 50% reduction in T2 BOD progression were estimated at 232 for a 1-year trial and 38 for a 3-year trial. If the study were of SP MS, the numbers of subjects increased by two-to threefold, reflecting the slower accumulation of T2 BOD in more progressive subjects. 52 More precise estimates might be derived from larger integrated data sets, such those being acquired by the Sylvia Lawry Center for MS Research, an international collaborative database containing natural history data from numerous clinical studies (http://www.slcmsr.com/).
Gadolinium-enhanced lesions
Technical aspects. Paramagnetic contrast agents markedly shorten the T1 of neighboring water protons. As a result, after intravenous bolus administration, they locally increase the signal from brain tissue where there is normally no blood brain barrier (e.g., the circumventricular organs, meninges, and choroid plexus), or where the barrier is significantly compromised allowing Gd to enter the brain abnormally, e.g., in active MS lesions (FIGS. 1-3). This effect is best monitored on T1-weighted images and the conspicuity of enhancement can be improved by inclusion of an off resonance magnetization transfer (MT) pulse. 53 Protons from water molecules that are tightly bound to tissue contribute little signal to images acquired with conventional MRI. When a narrow bandwidth radio-frequency pulse with a 1-2 KHz frequency offset from the excitation pulse is used to saturate protons associated with the bound water pool, magnetization is transferred from the bound to free water pool that contributes the most signal to conventional MRI. The result is attenuation of the signal proportional to the concentration of the bound water molecules, providing an estimate of tissue integrity. The MT pulse does not directly affect the free water signal. In the case where the pulse is applied to post Gd-T1 imaging, the signal from brain tissue is reduced and the Gd effect is augmented by comparison. 53 The extent and number of enhancements found may be increased by the dose of contrast selected or by an optimal delay between contrast administration and the time to image acquisition. 53, 54 Neuropathology. The pathologic correlate of enhancement in MS is altered blood brain barrier permeability in the setting of acute perivascular inflammation. [55] [56] [57] Transfer of Gd into the CNS is likely complex, reflecting components of transendothelial transfer by increased micropinocytotic activity of activated but structurally intact endothelium and passive entry through structurally damaged endothelial barriers. Clinical correlation. In clinically eloquent regions, new clinical symptoms are highly correlated with the appearance and resolution of enhancement in that pathway. In one study, 94% of 107 patients with acute optic neuritis showed enhancement of the affected optic nerve. 58 Altered blood brain barrier permeability is common in acute optic neuritis, frequently associated with abnormal visual acuity and visual evoked potentials, and generally disappears as vision improves. 59 However, most enhanced activity on serial scanning occurs in the absence of clinical symptoms. 60 As a consequence, subclinical disease activity as reflected by various measures of Gd enhancement (presence of one or more enhancements defining an active scan, total number of distinct enhancements, or total volume of enhanced tissue) greatly exceeds clinical measures of activity. A metaanalysis of enhancement frequency occurring over 6 months of serial monthly imaging showed predictive value for the number of clinical relapses that occurred over the next 1 and 2 years, 61 but the risk ratios were modest (1.2 and 1.6). The mean number of enhancements seen over this interval provided a weak predictor for change in physical disability (EDSS score) over the next 1 and 2 years (odds ratios 1.3 and 1.7). Whereas the enhancement findings on a single scan had no clinical predictive value, the number of enhanced lesions on an initial scan correlated highly with subsequent enhanced lesion counts, a correlation that diminished with time.
Role in therapeutic monitoring. The close association of enhancements with acute inflammatory activity makes this an attractive MRI measure to test the effectiveness of a therapeutic agent on new inflammatory disease. However, the weak correlation of enhancements with clinical activity, whether monitored as relapses or accumulated neurological disability, render it a poor predictor of the clinical benefits that can be anticipated from the agent's use in any particular MS patient population. Thus far, all clinically useful disease modifying agents developed for MS have some measurable effect on Gd enhancement activity, but not all drugs with an effect on Gd enhancements have shown clinical benefits ( Table  2) . 48, 50, 51, [62] [63] [64] [65] The apparent MRI-clinical uncoupling is, at least in part, related to defects in trial design. It is possible that drugs could have a beneficial effect on clinical disease without an effect on enhancement, but this appears unlikely for any anti-inflammatory agents.
Trial designs based on enhancements as a primary outcome are designed to determine if a drug has enough potential to proceed to a definitive trial with clinical endpoints. These trials have focused on sample sizes needed for a positive treatment effect on Gd-enhancing lesions of a particular magnitude. These simulations have been based on reasonably sized aggregated natural history and trial placebo cohorts, and generally assume that the drug effect sought has a rapid onset. Because enhancements in any study population are not normally distributed, nonparametric analyses are generally assumed. The size of the sample needed is usually found to be smallest when the number Gd-enhancing lesions is the primary measure, somewhat larger for the binary outcome of whether a scan contains enhancements, 66 and largest when based on enhanced tissue volume due to the greater variance associated with this measure. Using new enhancement numbers, a 70% treatment effect can be expected with excellent power using about 50 subjects per cohort in a parallel design trial within 3 months of 66 ; indeed, the numbers are likely to be smaller if variance drops in the treated group as should be expected. More recently, it was proposed that a negative binomial better describes the variability of enhancement numbers seen in MS cohorts than a Poisson distribution, allowing simpler analytic approaches to the data. 67 In modeling sample size, it is important to consider the anticipated baseline enhancement frequency anticipated in the patients to be entered into the trial. In general, younger patients and those with relatively recent clinical relapses will provide more enhancement activity at baseline than older subjects who have SP or particularly primary progressive (PP) MS with distant or no prior clinical attacks. Similarly, enriching the study sample for enhancement activity on a baseline scan will reduce sample size requirements. In considering studies of combined therapy, or a new drug tested against an established effective agent, the time course and magnitude of the effect of the established agent will greatly inflate the number of subjects needed to demonstrate an additive effect of the new agent. 68 Sample size considerations must also be adjusted if the MRI techniques differ substantially from the "standard." Doses of Gd greater than 0.1 mmol/kg, the application of MT pulses, significant delays from injection to image acquisition, or increased scan frequency may result in higher yields of Gd-enhanced outcome measures. 53, 54, 69 While the use of these procedures can be sample size sparing in exploratory proof of principal trials, the apparent effect size of the therapy can differ depending upon the method used and the drug in question. 70, 71 As a result, projections of what may be seen in a phase III trial that may use more conventional enhancement methods may not follow directly from the pilot study results.
Increasing emphasis has been placed on the use of Gd-enhanced MRI as a potential safety biomarker rather than as an efficacy biomarker, with few published data to support this claim. However, phase I/II studies that enrich for baseline-enhancing activity to improve power for efficacy will likely degrade the ability to detect adverse effects of the drug on the disease. Selecting subjects for low entry enhancing activity will correspondingly improve the ability of MRI as a marker of adverse effects on the disease or in combination trials where enhanced MRI can serve as a sensitive indicator of adverse pharmacodynamic interactions of the new combination with an established agent. There are examples of failure of MRI to predict drug-associated increase in relapses, 72 or drug-induced disease activation. 73 
Hypointense lesions on T1-weighted images
Technical aspects. A subset of MS plaques seen on T2-weighted images may appear hypointense on corresponding T1-weighted images when compared to the surrounding NAWM of the T1-weighted image (FIG.   2) . 74 These T1-hypointense regions ("black holes") may correspond to all or only a portion of the T2-hyperintense plaque. The extent of T1 hypointensity is dependent upon the MRI pulse sequence, whether the noncontrast or post-Gd T1-images are considered, and whether an offresonance MT pulse is applied. 11 This may account for differences in the results reported among image analysis centers. There is a relatively strong correlation between the hypointense component found on FLAIR-based T2 images and the T1-hypointense lesion burden.
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Neuropathology. The pathological correlates of T1-hypointense lesions are dependent, in part, on the lesion age. Recently formed T1-hypointense lesions likely reflect variable combinations of inflammation, edema, demyelination, early remyelination, axonal transection, and glial (microglial/astrocyte) activation. Those acute T1-hypointense lesions associated with smaller amounts of tissue enhancement and with shorter durations of tissue enhancement on serial scans have a higher probability of reverting to isointense regions (FIG. 2) . 7, 76 This likely reflects resolution of edema and at least partial remyelination of affected tissue. 9, 77 Approximately half of newly formed T1-hypointense lesions will disappear during the natural course of the disease 7 ; those that disappear generally will do so within 6 months. 8 However, a significant proportion of the larger lesions that disappear or decrease in size later than 6 months may do so at the expense of gliosis and atrophy. [77] [78] [79] [80] The potential reversible nature of the pathologic process associated with T1-hypointense lesions is supported by correlation with serial spectroscopic assessments in which recovery of axonal integrity [N-acetyl aspartate (NAA)] suggests transient dilutional effects of edema and metabolic dysfunction of axons in recovering black holes 15 or permanent reduction in NAA correlated with sustained black holes and accumulating clinical disability. 81, 82 Certainly, those lesions that show the most profound hypointensity on T1-weighted post mortem images correlate pathologically with the most profound demyelination and axonal loss. 9, 19, 79, 80 In a cross-sectional study of black holes, diminished concentrations of NAA were found in nearly all lesions studied. However, the presence of increased levels of choline suggested ongoing lesional activity in the absence of detected enhancement.
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Clinical correlation. The early descriptions of black holes suggested a strong clinical correlation between T1-hypointense disease burden and clinical disability as measured by the EDSS, particularly in patients with SP MS. 84 Whereas subsequent series have shown weaker correlations, the total T1-hypointense lesion volume and its change over time remain the conventional MRI lesion measures that are most strongly associated with neurologic impairment. The propensity for T2-hyperintense lesions to develop T1 hypointensity may be, in part, genetically determined. In one natural history study, sub-jects carrying the apolipoprotein E-⑀4 allele were much more likely to increase their proportionate T1-hypointense lesion load than those who lacked the allele.
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T1-hypointense lesion load as a proportion of the T2-hyperintense lesion load is higher in patients with progressive disease compared with those with RR disease. 86 Complicating the interpretation of bulk T1-hypointense lesion load in either cross-sectional or longitudinal analyses is the potential for the simultaneous occurrence of resolution and evolution of lesions. This can be addressed by following newly occurring individual lesions, 8 but this is more labor intensive. Role in therapeutic monitoring. Several investigators have used the longitudinal change in T1-hypointense lesion volume as an exploratory outcome measure in therapeutic trials. Measurable drug-associated reductions in the accumulation of new T1-hypointense lesion volumes have been seen as early as 3 months into therapy. 11 Moreover, when studied, most immunomodulatory agents have shown modest effects on attenuating T1-hypointense volume increases in RR patient cohorts. 8, [87] [88] [89] In SP MS, T1-hypointense volume accumulation may be less dependent on new enhancement activity. 90 In a subcohort representing approximately 13% of all subjects who participated in the European Study Group trial of SP MS, a linear increase over 3 years from baseline of a median of 41.8% was reported in the placebo group that was reduced to an overall median increase of 23.2% for those on IFNB-1b. 91 However, in another progressive MS population treated with cladribine, a drug with a substantial effect on new enhancement formation, no clear effect was found in limiting T1-hypointense lesion evolution. 92 Similarly, in a cross-over design trial an increase in T1-hypointense lesion volume occurred after enhancement activity was contained by treatment with alemtuzumab; this was correlated with the concomitant development of brain atrophy. 93 Enhancements that formed despite treatment with glatiramer acetate (GA) were less likely to persist over time as T1-hypointense lesions, as compared to placebotreated patients. 8 In a recent trial, 94 enhancements that developed despite therapy with natalizumab were much less likely to be found 6 -11 months later, often in the absence of continued drug exposure (odds ratio 0.48 [CI 0.24 -0.94]). In the case of GA, this may be due to improved lesion resolution. In the case of natalizumab, reduced tissue destruction at the time of lesion formation seems the more probable explanation.
MR spectroscopy
Technical aspects. MRS can be performed using a variety of nuclei; most commonly 1 H and 31 P. For a number of reasons that include sensitivity and resolution, proton MRS is most often used in MS. Whereas any mobile proton can contribute signal to MRI, the abundance of water in tissue overrides that of signals from protons associated with neurochemicals and macromolecules of biologic significance. 95 MRS is able to sample some of these signals through suppression of water. Methods are available to capture anatomically correlated data using single voxel and 2D and 3D multivoxel procedures, or as an unlocalized signal from whole brain. 17 Not all neurochemicals are detected with MRS. Myelin is highly compacted with tightly bound protons having restricted mobility such that their signals cannot be readily detected. Relatively sharp peaks are generally observed from small molecules. The most prominent proton MRSvisible compounds in normal brain include NAA (more precisely NAA, N-aspartyl glutamate and other N-acetyl moieties), creatine and phosphocreatine (Cr), and choline (Cho); less prominent resonances arise from myo-inositol, glutamate, glutamine and ␥-amino-butyric acid (GABA). In the presence of pathology, lactate and peaks centered between 0.9 -2.1 parts per million (ppm) in the spectra that represent myelin breakdown products (mobile lipids with contributions from macromolecules derived from the catabolism of myelin proteins) may be found. Proton MRS can be performed at long or short echo times that provide different access to these molecules. MRS is quantitative, making it attractive as a potential biomarker. The differential resolution of MRS and MRI complicate partial volume calculations of metabolite concentration assignments to different normal and pathologically affected tissue types.
MRS MRI correlations. Regional increases in Cho and mobile lipids may precede conventional T2-weighted MRI-based lesion detection by several months. 15, 16 This suggests that MRS may be more sensitive than MRI in defining microscopic regions of perivenular inflammatory demyelination, or that locally abnormal cellular metabolism or tissue integrity mark regions for a secondary inflammatory insult. Recently formed enhancing lesions in previously MRI NAWM usually show highly dynamic metabolite changes that include increased Cho and myelin breakdown products, 96 ,97 increased myo-inositol and glutamate plus glutamine in larger ring-enhanced lesions, 98 lactate and diminished NAA. 99 Some early changes in metabolite levels are in part dilutional effects of acute lesional vasogenic edema. 98 The decrease of NAA in acute lesions can be reversible over several weeks to months, 15 possibly related to a complex interplay of resolution of local edema, return in axonal caliber and metabolite content with remyelination, and reversal of possible mitochondrial metabolic disturbances within axons traversing the active lesion. Other metabolite changes are typically transient and return to near normal values in more chronic lesions. Mobile lipid macromolecule signals rarely persist beyond 4 -6 months after their appearance. Chronically persistent MRI-defined lesions lacking enhancement infrequently show dynamic metabolic alterations by serial MRS. Diminished NAA levels are particularly common in lesions with significant T1 hypointensiy. 81, 100 In persistently T1-hypointense lesions, reduced NAA indicates irreversible axonal loss. 101 These permanent T1-hypointense lesions may have increased concentrations of myo-inositol, possibly as an indication of gliosis. 100, 102 More global reductions of NAA occur in MRI-defined NAWM adjacent to visible plaques, 103, 104 in larger white matter expanses with limited MRI-visible lesions, 15, 105 and in whole MS brain. 106 These changes in NAWM are not as profound early in the disease 107 as they are late in progressive cases. 108 Reduction of NAA within large white matter expanses are better correlated with the entire cerebral plaque burden than the plaque burden within the region probed. This is likely the result of widespread Wallerian degeneration, if not some component of primary neurodegeneration that occurs in MS. Reduced NAA correlates with the extent of histopathologic axonal loss. 99, 109 Anatomically, myelin begins to envelop axons close to the neuronal cell body where it is a potential target of the disease process in MS. Purely intracortical and subpial plaques are well documented pathologically 23, 110 and are rarely found by conventional MRI. 110, 111 Their detection is improved by FLAIR MRI. 111 The partial volume averaging of both CSF and white matter complicates MRS studies of cortical gray matter, necessitating careful image segmentation to minimize the problem. A serial MRSI study of patients with RR MS and minimal clinical disability reported the periodic appearance of peaks consistent with the breakdown and release of myelinassociated macromolecules from MRI normal appearing parasagittal cortical gray matter. 22 These abnormal cortical signals had a time course similar to that seen in acutely evolving lesions in the white matter, with the exception that associated alterations in Cho and NAA were not found. This MRSI pattern may be consistent with the pathologic finding that intracortical lesions show little perivenular inflammatory change, gliosis or substantial neuronal loss that accompanies their myelin loss and microglial activation. 23 Other investigators report decreases in all measured metabolites including NAA in MS gray matter. 102 Reduced NAA has also been documented in deep central gray structures consistent with neuronal loss and atrophy of these structures.
112,113
Clinical correlation. When applied to patients across a broad range of clinical impairments, NAA/Cr ratios correlate moderately with disease duration and disability. 105, 114 Patients with RR MS and advanced clinical disability, those with SP MS, and patients with long disease duration generally show the most severe loss of NAA. Some evidence supports a disproportionate increase in Cr in patients with PP MS compared with those with RR MS, 115 possibly reflecting more widespread gliosis in the former. Reductions in NAA and increased signal from lipids are also found in PP MS in a manner that is consistent with findings of widespread neuronal dysfunction in RR MS. 116 Regional reductions in NAA correlate with cognitive dysfunction, 117 and the extent of adaptive cortical reorganization for motor movements shown by functional imaging has been correlated with altered NAA/Cr ratios in the centrum semiovale. 118 Reductions in NAA are associated with total T2 BOD, the extent of global tissue loss or atrophy, and the extent of tissue damage reflected by cerebral T1-hypointense lesion load. Whereas these are interrelated measures of tissue damage, the specificity of NAA for axonal dysfunction and axonal loss makes MRS the more intellectually appealing of these measures.
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Role in therapeutic monitoring. While highly attractive, the technical demands of spectroscopy have generally limited its use in therapeutic trials to single centers with conflicting results generally reported from small patient cohorts. IFNB has shown conflicting results on MRS parameters, including the ability to improve/stabilize 120 or have little effect [121] [122] [123] on NAA content in MS cohorts. The small size of patient cohorts studied and the lack of parallel control groups likely contribute to these ambiguous results. However, attempts to monitor larger subcohorts of patients in multicenter trials have shown that this is feasible. 116 Moreover, whole brain spectroscopy 124 has been applied in several trials with reproducible longitudinal data obtained (M. Filippi, personal communication). However, no clinical effect was noted in one of these trials, making it difficult to know how sensitive the approach is to therapeutic interventions.
Magnetization transfer imaging
Technical aspects. An excellent review of the methodology of magnetization transfer imaging (MTI) has been published recently. 125 MTI is an advanced quantitative MRI technique based on interactions and exchange between mobile protons in a free water pool with those bound to macromolecules. Only the mobile protons contribute to the signal intensity of the image, allowing for sensitivity to diffuse occult pathology such as demyelination, gliosis, and inflammation that may escape detection by conventional MRI. MTR can be obtained using either a gradient-echo or spin-echo pulse sequence. The preferred sequence is a 3D gradient-echo with a short TE at 1.5-T. Images are obtained with and without an MT saturation pulse. The pulse typically has frequency offset 1.2 Khz, bandwidth 400 -600 Hz, and flip angle/time between saturation pulses 25-35 degrees/ms. Two general methodologies have been used for analysis of MTR in MS. One involves global measurement of MTR calculated on a voxel-by-voxel basis throughout the whole brain or within large areas of the brain free from lesions (normal appearing brain, white matter or gray matter). Another approach measures changes within lesions or other focused regions-of-interest. MTR data are typically expressed as histograms from which analysis is performed of the peak height, peak position, and mean.
Clinical correlation. The reader is referred to an excellent recent review of the full range of neurologic applications of this technique. 126 Regarding the pathogenesis of MS, tissue damage is reflected by a decrease in this exchange of mobile and bound protons with reduction in MTR. MTI is emerging as a sensitive method to detect disease activity and monitor disease progression in MS. Early studies using MTR in an animal model 127 and in patients with MS 128, 129 showed that decreased MTR was present and most likely reflected demyelination and axonal loss. However, reduced MTR is generally nonspecific and may be influenced by edema, gliosis, and inflammation. A number of groups have subsequently investigated MTR findings related to lesion genesis and evolution. 13,14,130 -135 These studies indicate that, on average, MTR declines a few months before Gd-enhancing lesions appear and then declines further when the lesion begins to enhance. The magnitude of decline of MTR during the time of enhancement predicts whether the lesion will evolve into a T1-hypointense lesion, indicating that the degree of MTR alteration is a marker of overall lesion severity. When initial MTR decreases are only modest, a partial or complete recovery of MTR is likely to occur in the next few months. This recovery of MTR values most likely reflects remyelination or other repair such as resolution of edema, gliosis, and inflammation. MTI has also been applied to study pathological changes in the areas of brain that are free from overt lesions on conventional MRI scans. The importance of detection of abnormalities in normal appearing brain tissue MS has recently been reviewed. 136 Decreased MTR has been detected in the whole brain, 137 NAWM, 138 and gray matter 139 in patients with MS in comparison with normal controls (FIG. 5) . The cervical cord 140 and optic nerve 141 also show decreased MTR in MS. The degree of decreased MTR varies among MS phenotypes and is thus related to disease course. 142 Whereas MTR decreases are more profound in patients with progressive disease, such changes are also seen in RR MS and even at the occurrence of the initial attack (CIS). 139 Decreases in MTR can predict the development of disease progression, such as accumulation of disability, in longitudinal studies. In a 4.5-year longitudinal study, Rovaris et al. 143 assessed T2-hyperintense and T1-hypointense lesion volumes, normalized brain volume, average lesion MTR, and whole brain MTR in 73 patients with MS. A multivariate analysis showed that average brain MTR percentage change during the first year (odds ratio [OR] ϭ 0.86, p ϭ 0.02) and baseline T2-hyperintense lesion volume OR ϭ1.04, p ϭ 0.04) were independent predictors of the accumulation of disability (r2 ϭ 0.23). Brain MTR showed a high specificity (76.9%) and positive predictive value (59.1%) for EDSS deterioration. Santos et al. 144 in a 5-year longitudinal study, similarly found a strong predictive value for baseline MTR values toward a 5-year change in disability. However, another group found that progressive decreases in MTR occurred despite stability of EDSS scores. 145 MTR reductions are also related to cognitive impairment. 146, 147 Role in therapeutic monitoring. The potential role of MTI as an endpoint for treatment monitoring in MS has been the subject of several reviews, 125, 148, 149 reflecting the growing interest in this potential biomarker. The enthusiasm for MTR as a longitudinal tool stems from its sensitivity to change in whole brain or NAWM that has been demonstrated in several studies in MS. 14,143,145,150 -153 Filippi et al. 151 studied 96 patients with MS and 20 healthy subjects with MRI performed at baseline and again at follow-up 1 year later. They measured average lesion MTR, whole brain MTR, and MTR of normal-appearing brain tissue. In controls, there was no significant change of any MTR data. However, in the MS group, all MTR values decreased during the year. Patients with RR MS and SP MS had greater decreases in MTR metrics compared with CIS, benign MS, or PP MS groups. Patel et al. 145 measured whole brain MTR in 20 patients with RR MS at baseline and again at follow-up at 1-4 years, and showed a significant longitudinal decline.
Data are accumulating on the sensitivity of MTR as a tool to assess treatment effects in MS. 13, 149, 150, [152] [153] [154] [155] Richert et al. 150 obtained serial monthly whole brain MTR in eight patients with RR MS in a crossover trial with IFNB-lb. When histograms were analyzed by quartiles, voxels with low MTR increased during the baseline period (6 months) and corresponded to bulk white matter lesion load. IFNB-lb attenuated Gd-enhancing lesions by 91% and T2 BOD by 15% but had no effect on MTR during the subsequent 6-month treatment period. Inglese et al. 152 showed that MTR of the whole brain and NAWM declined over 4 years in a subset of patients from the European double-blind, placebo-controlled trial of IFB-1b in SP MS. In both the treatment and placebo arms, there was a decrease of whole brain MTR from baseline to month 24 (mean change Ϫ4.9%) and month 36 (mean change Ϫ4.3%). A decrease of NAWM MTR was also observed. There was no significant difference in change of MTR between the two treatment arms (FIG.  5) . Besides the ability to monitor global changes, MTR may show treatment effects on lesion evolution. Richert et al. 13 measured MTR in 225 Gd-enhancing lesions in four patients with RR MS for 12 months before and 12-18 months after contrast enhancement in a baseline versus treatment trial of IFNB-1b. After enhancement, lesion recovery on MTR was significantly higher for lesions treated with IFNB-1b or corticosteroids than untreated lesions, indicating that disease-modifying therapies affect lesion evolution as defined by MTR. Similarly, Kita et al. 154 showed that weekly intramuscular IFNB-1a given to eight patients with RRMS accelerated the rate of recovery of lesion MTR on active therapy compared to the pretreatment phase.
In summary, MTI has expanded the ability to detect the subtle abnormalities of the brain and spinal cord of MS patients and has provided increased sensitivity to obtain relevant information on the structural alterations within and outside T2-weighted visible lesions. The broad use of MTI in MS patients has already improved the understanding of the mechanisms leading to irreversible disability and may potentially allow the assessment of the effects of treatments.
Atrophy of the CNS
Overview. Atrophy of the brain and spinal cord has long been recognized as part of the pathology of MS. However, for decades, this atrophic process was regarded as a late complication in MS. With a better understanding of the pathogenesis of MS, CNS atrophy and other destructive aspects of the disease occur early in the disease process, as recently reviewed. 156, 157 The etiology of CNS atrophy is likely multifactorial, although it remains speculative. 80,156 -159 It is believed that the inflammatory cascade in MS leads to oligodendrocyte injury, failure of remyelination, axonal loss, Wallerian degeneration, and contraction of glial tissue. Neuronal and axonal loss occurs on a large scale in MS and affects both white matter 160 and gray matter. 161 As recently reviewed, the rate of atrophy in MS varies over time 157 and can be detected in the earliest stages of disease (i.e., in patients with CIS who later develop clinically definite MS). 162 CNS atrophy is a progressive phenomenon that worsens with increasing disease duration and worsening disease course (FIG. 6) . Measurable alterations in brain and spinal cord tissue volume have been demonstrated over periods as short as 6 -12 months, and typically progress at a rate of approximately 0.6 -1.2% loss of brain volume annually in patients with MS, with a fairly similar rate seen among RR, SP, and PP patients.
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Technical aspects. The reader is referred to recent comprehensive reviews of the methodologic challenges of measuring atrophy of the brain 156, 157, 163, 164 and spinal cord 156, 157, 165 in MS. Methods currently include: 1) regional linear (2D) measurements of portions of the CSF compartment, brain or spinal cord, 2) whole brain (3D) assessments of brain volume or fraction (FIGS. 7 and 8), and 3) regional 3D measurements of tissue or CSF compartments.
Clinical correlation. The reader is referred to several recent detailed reviews on the relationship between CNS atrophy in MS and cognitive impairment, 166 physical disability, 167 disease course, 167 mood disturbances, 166 and quality of life. 167 Losseff et al. 168 showed that progression of brain atrophy, but not T2-hyperintense lesions over 18 months, was related to deterioration of EDSS score. Dastidar et al. 169 showed that brain atrophy was associated with EDSS score, whereas T2-hyperintense and T1-hypointense lesion volumes were not. Bermel et al. 170 showed that whole brain atrophy was the best predictor of EDSS disability when compared with other cerebral lesion measures (R 2 ϭ 0.204, p Ͻ 0.001). Fisher et al. 171 showed that whole brain atrophy in the first 2 years was the best MRI predictor of the 8-year EDSS score after accounting for the 2-year change in conventional MRI lesions. Spinal cord atrophy is also related to disability in MS. Patients with spinal cord atrophy have higher levels of EDSS disability than those without atrophy (p ϭ 0.006). 172 Stevenson et al. 173 showed that spinal cord atrophy, but not cerebral T2-hyperintense or T1-hypointense lesions, correlated strongly with disability (r ϭ -0.7; p Ͻ 0.0001). Ingle et al. 174 showed that spinal cord atrophy correlated with higher EDSS scores over 5 years (r ϭ -0.31; p Ͻ 0.05). Lin et al. 175 showed that spinal cord atrophy closely predicts the development of progressive disability.
A number of studies have established an association between brain atrophy and cognitive impairment in MS patients. 166 One of the first studies conducted in this area demonstrated that linear measures of brain atrophy (bifrontal span, bicaudate span, and third ventricle width) were significantly correlated with cognitive impairment. 176 Subsequent work confirmed the close relationship between cognitive impairment and atrophy in central brain regions, measured by corpus callosum atrophy, 177 the bicaudate ratio, 178 and enlargement of the lateral ventricles. 179 Furthermore, whole brain atrophy predicts cognitive impairment in both cross-sectional and longitudinal studies. 180 -182 Regarding the question as to whether atrophy or lesion measures are the strongest predictors of cognitive impairment, Benedict et al. 182 performed neuropsychological testing and MRI in 37 patients with RR (n ϭ 30) or SP MS (n ϭ7). The quantitative MRI measures included whole brain FLAIRbased T2-hyperintense lesion load and T1-hypointense lesion load, bicaudate ratio, third ventricle width, and whole brain normalized volume. Regression modeling indicated that third ventricle width explained significant variance in information-processing speed and memory testing. When third ventricle width was removed from consideration, whole brain atrophy accounted for the most variance in these models. Emerging studies test the relative importance of gray or white matter atrophy 183, 184 and regional lobar atrophy 185 in predicting cognitive impairment.
In summary, studies to date on the relationship between atrophy and clinical status in MS indicate that: 1) CNS atrophy predicts to a moderate degree the subsequent development of physical disability and cognitive impairment; 2) the relationship is independent of the effect of T2-hyperintense, T1-hypointense, or Gd-enhanced MRI lesions; and 3) spinal cord atrophy is particularly well correlated with motor disability while brain atrophy is particularly well correlated with neuropsychological impairment. Taken together, this body of data argues for tissue loss contributing to clinical findings to a greater extent than what is accounted for by conventional lesion measures.
Role in therapeutic monitoring. Several recent reviews are available on the role of CNS atrophy as a surrogate measure of therapeutic efficacy in MS. 186, 187 Several clinical trials have assessed the effects of disease-modifying agents: intramuscular IFNB-1a, subcutaneous IFNB-1a, IFNB-1b, and GA as well as methylprednisolone. These agents attenuate inflammatory components of the disease including clinical relapses and contrast-enhancing lesions. Because inflammation in MS has been linked to irreversible CNS tissue loss, these medications might be effective in reducing the rate of CNS atrophy.
Rudick et al. 188 conducted a post hoc analysis of a 2-year placebo-controlled, phase III clinical trial of the effects of weekly intramuscular IFNB-1a in RR MS. Normalized brain volume was assessed in a subgroup of patients with available MRIs at baseline, and after 12 and 24 months of randomized treatment. The investigators reported that in the second year the rate of brain volume loss was attenuated by 55% in the treatment versus placebo group (p ϭ 0.03). The effect of subcutaneous IFNB-1a three times a week on brain atrophy in RR MS was assessed in a post hoc analysis of MRI data from a 2-year placebo-controlled, phase III clinical trial. 189 The study failed to demonstrate any significant beneficial effects of treatment on brain volume loss. Lack of effect of this same dosing strategy was suggested in an analysis of spinal cord atrophy in a subgroup of this cohort. 175 However, in a clinical trial of patients with CIS, Filippi et al. 162 showed a 30% reduction in the rate of whole brain volume loss over 2 years in patients receiving weekly subcutaneous IFNB-1a versus placebo (p ϭ 0.003).
Data on every-other-day subcutaneous IFNB 1-b have shown conflicting results with no effect seen in a 3-year placebo-controlled, phase III clinical trial of SP MS in the entire cohort, but an effect was seen on patients with no enhancing lesions at baseline (p ϭ 0.0026). 190 An open-label baseline-versus-treatment study in patients with RR MS compared brain volume change in the 6 months pretreatment with the brain volume change over 3 years after starting IFNB-1b. Brain volume decreased during the first year, was stable during the second year, then decreased during the third treatment year. 191 The ability of GA to attenuate the progression of brain atrophy in MS was suggested by analyses of the North American placebo-controlled, phase III clinical trial of RR MS. 192, 193 Such effects were assessed more definitively by analyzing data from the European-Canadian placebo-controlled phase III clinical trial of RR MS. 194, 195 The study showed a delayed treatment effect on reducing the rate of whole brain volume loss by 40% in the second 9 months (p ϭ 0.015). 195 When the data were analyzed by a less reproducible central 7-slice method for estimating brain atrophy, the treatment effect could not be detected. 194 This highlights the importance of technical factors in the use of atrophy as a treatment outcome measure.
Zivadinov et al. 196 performed a controlled, singleblind phase II trial of pulse intravenous methylprednisolone on disease course and MRI measures in RR MS. Active treatment was associated with preservation of brain volume over a 5-year period, whereas the brain volume decreased significantly in control patients (ϩ1.3 vs Ϫ74.5 ml, p ϭ 0.003).
In summary, MRI-based measurement of CNS atrophy is of growing interest in the therapeutic monitoring in MS. The limitations and challenges include the need to better understand the effect of reversible and nondisease factors on tissue volume loss such as of medications, fluid status, inflammation, and hormonal influences.
197
T1 and T2 shortening T1 shortening. Hyperintense cerebral lesions on noncontrast T1-weighted images, also referred to as areas of T1-shortening, have been described in a number of diseases 198 and may reflect a variety of substances such as methemoglobin, proteinaceous material, lipids, free radicals, and paramagnetic metals such as non-heme iron. Remyelination has also been hypothesized to produce T1 shortening. 199, 200 T1 shortening has been described in MS lesions (FIG. 9) . 201, 202 A retrospective MRI study of 145 patients with MS was conducted to determine the frequency, topography, and clinical correlation of T1 hyperintense lesions and to test the hypothesis that these lesions are related to cerebral atrophy.
201 T1 hyperintense lesions occurred frequently (present in 78% of patients) and were confined to supratentorial regions. The lesions were more common in SP than RR MS. The lesions in each lobe showed moderate correlations with physical disability (EDSS) score (r ϭ 0.23-0.52, p Ͻ 0.0001) and brain atrophy. Further studies are necessary to determine the role of T1-shortening lesions in monitoring the MS disease process.
T2 shortening. Gray matter hypointensity on T2-weighted images (T2 hypointensity or T2 shortening) is another category of abnormalities that can be detected by MRI in MS (FIG. 10) . Because it is now widely accepted that MS is a "whole-brain" disease with gray and white matter involvement, these lesions have attracted more attention. T2 hypointensity occurs commonly in the cortical and subcortical gray matter in patients with RR or SP MS. 203, 204 In a quantitative cross-sectional MRI study 205 of 60 patients with MS and 50 controls, deep gray matter T2 hypointensity was present in both cortical and subcortical gray matter areas in the MS group. T2 hypointensity was associated with enlargement of the third ventricle and higher T2 BOD. Gray matter T2 hypointensity was a more potent predictor of disability and clinical course than conventional MRI findings. T2 hypointensity has been linked most closely with brain atrophy in MS (FIG. 10) , 206, 207 including the demonstration that baseline T2 hypointensity is the best MRI predictor of the subsequent development of whole brain atrophy over 2 years in patients with early RR MS. The relationship between T2 hypointensity and the progression of brain atrophy was demonstrated in placebotreated but not IFNB-1a treated patients, suggesting that T2 hypointensity may offer some ability to discern neurotherapeutic effects. 207 However, further longitudinal studies are necessary to clarify whether T2 hypointensity has a role as a therapeutic marker.
T2 hypointensity likely reflects pathologic iron deposition. 208 There are two possible explanations for how iron deposition might relate to the pathophysiology of the disease, each with its own therapeutic implications. First, iron accumulation may purely represent an epiphenomenon resulting from neurodegeneration that occurs in gray matter in MS. 113, 161 If so, T2 hypointensity may serve as a method for monitoring therapeutic effects on the neurodegenerative component of the disease. Second, iron may participate directly in the pathogenesis of MS by promoting the generation of free radicals, oxidative stress, lipid peroxidation, and neurotoxicity. 209 This would open new avenues such as iron chelators, antioxidants, and free radical scavengers, as potential agents for the treatment of MS, as has been suggested by animal studies. 210, 211 Diffusion-weighted imaging Technical aspects. Diffusion-weighted imaging (DWI) allows for the quantification of diffusional motion of water molecules. 212 The technique can also provide detailed information on white matter fibers of the CNS using a variation known as diffusion tensor imaging (DTI) (FIG. 11) . In human brain, diffusion is influenced by the microenvironment of CNS tissue including cell membranes, cell organelles and axons. DWI is sensitive to pathological processes that alter tissue integrity and result in changes in the permeability of barriers limiting water molecular motion and thereby affecting tissue anisotropy. Fractional anisotropy (FA), which is derived from DWI, is another useful measure that indicates the structural integrity and extent of structural alignment within fiber tracts. 212 The reader is referred to a separate review in this volume that discusses the methodology of DWI in more detail. 212 DWI is sensitive to the inflammatory changes that occur in the pathogenesis of MS. 213, 214 Cerebral lesions in MS typically manifest as 
FIG. 10.
T2 hypointensity and brain atrophy in MS. Hypointensity on T2-weighted images has been described in the gray matter of patients with MS and is related to physical disability, cognitive dysfunction, clinical course, MRI lesion load, and brain atrophy. The T2 hypointensity most likely represents pathologic iron deposition. CSE T2-weighted images are shown of a 44-year-old normal volunteer and an age-matched patient with RR MS (EDSS 5.0). In the latter, note the marked hypointensity of the deep gray matter nuclei, including the thalamus, caudate, and putamen. The patient also has brain volume loss compared to the control (note prominence of ventricular and subarachnoid spaces).
hyperintense on DWI scans due to T2 shine through effects, which can be separated from true restriction of diffusion using apparent diffusion coefficient (ADC) maps. Lesions typically show increased diffusivity and increased ADC; the ADC is especially high in contrast enhancing lesions 215 and T1-hypointense lesions. The increased diffusivity, increased ADC, and decreased FA is most likely nonspecific for the underlying pathology and reflects a variety of tissue changes such as demyelination, gliosis, inflammation, axonal contraction, and axonal loss. In addition to the study of individual lesions, 20,216 -220 DWI offers the opportunity to study global changes in NAWM 21,216 -218,221-225 and gray matter 221, 226, 227 similar to the general approaches used with MTI. In addition, with DTI, the effect of MS on white matter fiber tracts can be examined (FIG. 11) . 21, 223, 224, 228 Clinical correlation. There is growing interest in studying the relationship between DWI-related data and clinical manifestations of MS such as physical disability, disease course and cognitive impairment. Schmierer et al. 225 measured the diffusion in normal-appearing brain tissue of 15 patients with PP MS over 1 year. In contrast to healthy subjects, patients developed increased ADC in the NAWM. Frontal ADC was associated with disability as measured by the MS Functional Composite Score. Ciccarelli et al. 221 performed DTI in 39 patients with MS and found that FA and mean diffusivity in the cerebral peduncles were inversely correlated with the EDSS and pyramidal functional scores. In patients with RR MS, there was a strong correlation between EDSS score and FA in both supratentorial and infratentorial NAWM. Wilson et al. 228 mapped the pyramidal tracts with DWI in 25 patients with RR MS and 17 healthy volunteers. Loss of tract integrity was present in patients but not controls. Pyramidal tract DTI data correlated significantly with both EDSS score (r ϭ Ϫ0.48, p Ͻ 0.05), and the pyramidal functional system score (r ϭ Ϫ0.75, p Ͻ 0.0001), whereas whole brain T2 BOD and global diffusion histograms did not correlate with disability. Caramia et al. 229 performed serial MRI including DWI over 1 year in 19 patients with CIS. Thirteen patients developed MS during the study. ADC in NAWM was significantly higher in patients than in healthy controls at 12 months follow-up but not at baseline (p Ͻ 0.02). Changes in ADC were related to changes in EDSS score (p Ͻ 0.01). Studies from another group have similarly shown a moderate relationship between DWI metrics and disability in MS. 230, 231 However, not all studies find significant correlations. 232 DWI metrics have also been related to cognitive impairment in MS, although little work has been done in this area. Rovaris et al. 227 studied 34 patients with RR MS, nine of whom were found to have cognitive impairment. Moderate correlations were found between cognitive tests and various MRI measures (T2-hyperintense lesion volume, T1-hypointense lesion volume, and diffusion measures -(average lesion, whole brain, and normal appearing tissue) with r values ranging from Ϫ0.30 to Ϫ0.53. No correlations were found between cognition and whole brain volume.
Role in therapeutic monitoring. DWI appears sensitive to dynamic disease-related changes. Rocca et al. 222 obtained weekly DWI scans for 12 weeks from six patients. Areas of NAWM that later developed overt lesions showed a significant increase in mean diffusivity values beginning 6 weeks before Gd enhancement. Werring et al. 218 similarly showed a steady and moderate increase in ADC in prelesion NAWM, which was followed by a rapid and marked increase at the time of Gd enhancement and a decay after the resolution of enhancement. These findings indicate that new inflammatory lesions are preceded by subtle, progressive alterations in diffusion. Cassol et al. 224 performed DTI every 3 months in seven MS patients and seven controls. The MS group showed higher diffusivity and lower FA than normal controls in the whole supratentorial white matter. During the follow-up, the DWI measures progressed in the patients with SP MS. Schmierer et al. 225 showed progressive increases in ADC of the normal-appearing brain tissue in 15 patients with PPMS over 1 year. Caramia et al. 229 showed that global diffusion abnormalities in the NAWM occurred at the earliest stage of MS, in patients with CIS followed for 1 year. The demonstration of longitudinal changes in diffusion in patients with MS creates the potential for the use of DWI as a treatment outcome measure. However, DWI correlations of treatment effects have not been the subject of any published studies to date.
FUNCTIONAL IMAGING

Technical aspects
The functional imaging modalities considered potentially relevant to neurotherapeutics in MS include positron emission tomography (PET), single-photon emission computed tomography (SPECT), and functional MRI (fMRI). The reader is referred to separate reviews in the current volume on the technical aspects and broad clinical applications of these modalities. 212, 233, 234 PET and SPECT are nuclear imaging techniques based on radiolabeling of physiologic tracers that are usually administered intravenously and then imaged upon uptake into the brain. Examples include agents that measure perfusion or metabolism at the cellular level, peptides that assess synaptic function, and receptor-specific ligands that are markers for inflammatory or glial activity. The current journal volume contains extensive reviews on the technical aspects of PET and SPECT. 233, 234 In fMRI, brain activation in response to applied motor or visual stimuli is assayed by alterations in signal intensity that result from changes in blood levels of deoxyhemoglobin. fMRI can be used to detect functional reorganization in response to brain injury.
Clinical correlation
Application of PET and SPECT in MS has shown both regional and global reductions in basal cerebral metabolism and blood flow (FIG. 12) 235-240 as well as altered cerebral activation with task performance. 241 Bakshi et al. 237 performed high-resolution fluorodeoxyglucose PET in 25 patients with MS compared with healthy subjects. A 9% reduction in whole brain glucose metabolism was noted in the MS group (p Ͻ 0.05). Hypometabolism was widespread, affecting the cortical and deep central gray matter, supratentorial white matter, and infratentorial structures. The most dramatic reductions were seen in the superior mesial frontal cortex, superior dorsolateral frontal cortex, mesial occipital cortex, lateral occipital cortex, deep inferior parietal white matter, and pons. The gray matter hypometabolism most likely represents a combination of direct gray matter involvement and diaschisis (neuronal system disconnection) resulting from white matter disease. Metrics derived from PET or SPECT have shown significant moderate correlations with relapse rate, 238 physical disability, 238 cognitive impairment, 236, 238, 240 depression, 235 and fatigue 242 in MS. These functional imaging measures have shown a better correlation with clinical status than do conventional MRI lesion parameters.
Another use of nuclear imaging studies is ligand-based tracking of inflammatory cells in the CNS. [243] [244] [245] This strategy has been applied to MS using [11C]PK11195, a compound that binds to the peripheral benzodiazepine receptor expressed on activated microglia. Vowinckel et al. 245 found a correlation between PK11195 binding and immunoreactivity for microglial/macrophages at sites of inflammatory lesions in an animal model of MS, particularly at the edges of chronic active plaques. They further demonstrated by brain PET that [11C]-PK11195 accumulated only at sites of active MRI lesions in patients with MS. Banati et al. 243 confirmed that activated microglia/macrophages are the main cell type expressing the peripheral benzodiazepine binding site at sites of active CNS pathology. They also found that [(11)C]PK11195 PET uptake extended to areas appearing normal on conventional MRI scans such as cerebral central gray matter. Debruyne et al. 244 showed that [11C]PK11195 uptake increased during a clinical or MRI-defined relapse, particularly in NAWM.
The scientific literature reflects an expanding interest in fMRI in MS. 246 -256 The major themes emerging from this body of work include: 1) increased magnitude or regional extent of activation during task performance occurs at the early stages of MS, including CIS, and is most likely adaptive (compensatory); 2) increased activation may include both ipsilateral and contralateral cortices on the basis of synaptic reorganization, recruitment of parallel existing pathways, and reorganization of distant sites; 3) the degree of fMRI abnormalities is correlated with lesion burden assessed by conventional MRI, supporting the notion that functional changes represent progressive consumption of cerebral reserve capacity; 4) as the disease worsens and brain reserve capacity is exceed, patients show decreased activation than earlier in the disease process; and 5) the magnitude of fMRI abnormalities is related to both physical disability and cognitive impairment. However, the relationship varies according to stage of disease.
Role in therapeutic monitoring
Functional imaging can detect dynamic changes related to intrinsic disease effects or therapeutic intervention. A longitudinal study 239 compared PET and MRIbased surrogates in 10 patients over 2 years. Global cortical hypometabolism was progressive as was T2 BOD. However, MRI changes were not correlated with PET findings, suggesting that the latter was capturing unique aspects of disease progression. Mackowiak et al. 257 used SPECT to determine the effect of IFNB-1b on cerebral blood flow five patients with MS. They found that the drug led to a significant increase in blood flow in the basal ganglia 6 hours after drug administration. Further study is necessary to determine the role of nuclear imaging as a biomarker of therapeutic efficacy. fMRI has shown potential in capturing treatment-related effects in MS. Parry et al. 250 performed fMRI during the Stroop cognitive task in 10 patients and 11 healthy controls. The investigators observed that the left medial prefrontal region was more active in patients during the task, compared with the normal controls. In five patients, administration of the cholinergic agent rivastigmine was associated with relative normalization of the task specific fMRI brain activation pattern. No alterations in brain activation were observed among normal controls with rivastigmine. Although further studies are warranted, these initial findings suggest that fMRI can detect metabolic effects of symptomatic MS therapy. It remains to be determined how immunodulatory agents alter these abnormalities.
Animal imaging
MRI has been extensively applied to study various aspects of pathogenesis as well as histopathology of animal models of MS. The reader is referred to a comprehensive review of animal imaging, presented separately in this volume, which includes a discussion of MS-related work. 258 
